arrhythmic phenotype associated with ILK deletion has not been evaluated. Accordingly, this study was designed to evaluate the effects of ILK deletion on (1) in vivo electrophysiology and cardiac rhythm; (2) associated cellular electrophysiology;
(3) underlying ionic current changes; and (4) changes in cardiac structure and function.
Methods
A detailed description of Methods is provided in the Data Supplement. The most important methods are briefly summarized here.
Animal Model
Age-matched mice expressing the cardiac mckCRE transgene and 2 loxP1-flanked ILK alleles (mckCRE ILK fl/fl -knockout mice; ILK knockout) were compared with littermate controls (mckCRE) as described previously. 8 All procedures followed National Institutes of Health guidelines and were approved by the Animal Research Ethics Committee of the Montreal Heart Institute. Studies were performed in 5-and 10-week-old mice, as well as age-matched controls, as indicated. Male and female mice were used, in equal proportions.
Echocardiography
Transthoracic echocardiography was performed under 2.5% isofluorane anesthesia. The person performing and analyzing echocardiographic imagery was blinded to mouse group assignment. The average of 3 consecutive cardiac cycles was used for each measurement. Special care was taken to get similar imaging planes at followup studies.
Histology and Fibrosis Quantification
Ventricular mass was assessed using total ventricular weight/body weight ratio. For histological studies, hearts were perfused with 10% neutral-buffered formalin, dehydrated, and embedded in paraffin. Longitudinal sections (6 μm) were stained with Masson trichrome. Connective tissue content was quantified as percentage of surface area, with perivascular collagen excluded from measurement.
Connexin-43 Immunostaining and Quantification of Lateralization
LV tissues were embedded in Optimal Cutting Temperature solution (Sakura) and snap-frozen in liquid N 2 . Cryosections (12-μm thickness) were fixed and permeabilized. Primary antibody (rabbit anti-Cx43, AB1727, Millipore) was diluted in a solution containing Triton X-100 for overnight incubation with cryosections. Alexa Fluor-conjugated donkey antirabbit IgG (488 nm) was used as a secondary antibody. Alexa Fluor-conjugated phalloidin (647 nm) was used as an actin-filament marker. Slides were mounted and then examined with a Zeiss Axiovert 100-M microscope coupled to a Zeiss LSM-710 laser scanning confocal system. Identical settings were used to image samples from control and ILK-knockout animals. Images were deconvolved with the Maximum Likelihood Estimation algorithm. Connexin-43 lateralization was determined as previously described in detail, 10 using Image Pro Plus 6.0 software (Media Cybernetics). Total pixel intensity associated with connexin-43 staining (x) was first quantified, then lateral connexin-43 positive staining was selected and the corresponding pixel intensity sum (b) was quantified. The extent of lateralization (y) was expressed as a percentage, as follows: y=(100b)/x.
Protein Extraction and Immunoblotting
LV samples from control and ILK-knockout hearts were excised, snap frozen in liquid N 2 , and homogenized in Tris/Na/EDTA buffer. Homogenized samples were centrifuged at 1000g for 10 minutes, supernatant collected and ultracentrifuged at 100 000g for 1 hour. The resulting membrane fraction pellet was suspended and incubated in Tris/Na/ EDTA buffer containing 1% Triton-X100. The protein concentration was determined by Bradford assay (BioRad). Protein samples (20 µg) were separated on 8% poly-acrylamide SDS-PAGE and transferred electrophoretically onto polyvinylidene fluoride membranes. The polyvinylidene fluoride membranes were blocked in a PBS solution containing 0.05% (v/v) Tween-20 and 5% (wt/vol) nonfat dried milk and incubated overnight at 4°C with primary antibodies. After washing, membranes were hybridized with horseradish peroxidase-conjugated secondary antibody. Immunoreactive bands were detected by electrochemoluminescence. Quantification was performed with Quantity-One software (BioRad). All expression data are provided relative to GAPDH staining for the same samples on the same gels. Primary antibodies (1/2000) included polyclonal rabbit anticonnexin-43 (AB1727; Millipore) and monoclonal anti-GAPDH (10R-G109a) from Fitzgerald. Peroxidase-conjugated AffiniPure donkey antirabbit IgG (111-035-152) and AffiniPure donkey antimouse IgG (715-035-151) from Jackson ImmunoResearch were used as secondary antibodies (1/10 000). Co-immunoprecipitation was performed as detailed in Methods section of the Data Supplement.
Quantitative Polymerase Chain Reaction Analysis
High-throughput quantitative polymerase chain reaction (qPCR) was performed on samples from the superior LV free wall of 10-week-old ILK knockout and control mice were homogenized, RNA was isolated using Trizol, purified and quantified via Nanodrop. Absence of genomic DNA contamination was confirmed by PCR. The integrity of total RNA was assessed with an Agilent bioanalyzer. cDNA was synthesized from 220 ng total RNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) with random hexamer primers. TaqMan lowdensity arrays (Applied Biosystems) were used in 2-step Real time PCR (RT-PCR) as previously reported. 10 RT-PCR was performed on the 7900HT Fast RT-PCR System. Taqman low-density array plates (96 gene capacity) were designed for the study of genes related to cardiac remodeling, electrophysiology, contractility, and fibrosis ( Table I in the   WHAT IS KNOWN • Integrin-linked kinase (ILK) is an important protein that contributes to cytoskeletal anchoring and macromolecular organization.
• ILK knockout causes a sudden death cardiomyopathic phenotype in mice and ILK mutation produces dilated cardiomyopathy in man. Effects on arrhythmias and their basis are unknown.
WHAT THE STUDY ADDS
• Cardiac-restricted ILK knockout causes a progressive dilated cardiomyopathy with a high incidence of sudden death in mice.
• ILK-knockout mice develop severe ventricular arrhythmias, with contributions from reduced expression and function of potassium and calcium channels associated with action potential prolongation, early afterdepolarizations and triggered activity, and conduction slowing associated with structural remodeling consisting of basal fibrosis and connexin downregulation/lateralization.
• Before the development of cardiac dysfunction, the principal changes seen are downregulation of voltage-dependent potassium channels and action potential prolongation, suggesting that a primary electrical derangement may be an important contributor to the development of the cardiomyopathic phenotype. Data Supplement). GAPDH was the internal standard. Results were subjected to nondirected hierarchical clustering to obtain a global expression profile of the genes studied ( Figure I in the Data Supplement). Conventional qPCR was performed with TaqMan probes on additional 5-and 10-week-old mice samples to compare directly their expression of ion channel, collagen, and hypertrophic-marker subunits.
Electrocardiography and Telemetry Recording
ECGs were recorded in 5-and 10-week-old mice under 2.5% isoflurane anesthesia. Recordings were filtered between 0.5 and 500 Hz. Measurements were based on averages of 10 consecutive complexes. Standard criteria were used to measure R-R, PR, QRS, and QT intervals. 11 The QT interval (QTc) was corrected for heart rate as follows: QTc=QT/(R-R/100) 1/2 . 12 To obtain 24-hour ECG recordings in free-moving mice, mice were anesthetized at 9 weeks of age with 2.5% isoflurane, telemetry transmitters implanted, and paired wire electrodes placed under the skin (to obtain a bipolar chest ECG lead). One-week postimplantation, ECG signals were recorded via telemetry on free-moving animals for 24 hours. Heart rate values were determined from R-R interval averages >10 s.
Intracardiac Recording, Programmed Stimulation, and Optical Mapping
Mice were anesthetized with 2.5% isoflurane. An octapolar electrophysiology catheter was positioned in the RV. Surface (ECG lead-I) and intracardiac electrograms (filtered between 0.5 and 500 Hz) were recorded. Refractory periods were determined with a 9-stimulus drive train (S1) at a cycle length of 100 ms followed by a 1.5× threshold current premature stimulus (S2) decremented in 2-ms intervals. Effective refractory periods were defined as the longest S1-S2 coupling interval that failed to capture. Ventricular tachycardia (VT) was defined as ≥10 successive spontaneous ventricular complexes. Optical mapping studies were performed to analyze conduction changes in 10-week-old mouse hearts as detailed in Methods section of the Data Supplement.
Action Potential Recordings
Fine-tipped microelectrode recordings were obtained from the hearts of 10-week-old mice. Isolated hearts were perfused with Krebs-Henseleit solution containing (mmol/L): 120 NaCl, 4 KCl, 1.2 NaH 2 PO 4 , 1.2 MgSO 4 , 25 NaHCO 3 , 1.25 CaCl 2 , and 5.5 glucose (95%-O 2 /5%-CO 2 , pH 7.4) at 36°C. Epicardial action potential duration (APD) was recorded from perfused ventricles with fine-tipped borosilicate glass microelectrodes. Preparations were stimulated with 2-ms 1.5× diastolic-threshold current square-wave pulses. After 5 minutes of pacing at 0.5 Hz for equilibration, preparations were paced successively at increasing frequencies from 0.5 to 10 Hz, with 200 beats at each frequency to ensure steady-state before recording. APD values were based on the average of 5 consecutive APs at 3 different sites in the LV free wall. To obtain data about the time course of AP changes, APs were recorded under current clamp with perforated patch methods from cells isolated from hearts of 5-and 10-weekold mice. For perforated patch recording, nystatin-free intracellular solution was placed in the tip of the pipette, and then pipettes were backfilled with nystatin-containing (600 μg/mL) solution.
Ventricular Cardiomyocyte Isolation
Adult male mice (10 week old) were heparinized (100 IU, intraperitoneal), anesthetized with 2.5% isoflurane and euthanized by cervical dislocation. The hearts were retrogradely perfused through the aorta on a modified Langendorff apparatus and cells isolated with collagenase type 2 (Data Supplement). After digestion, single LV cardiomyocytes obtained by trituration, then placed into storage solution at 4°C.
Ion Current Recordings and Analysis
I K1 , I K,Total , and I Ca,L were recorded at 37°C with tight seal patch-clamp in voltage-clamp mode. Cell capacitances were obtained with 5-mV, 10-ms hyperpolarizing steps from 60 mV. For recording conditions of specific currents see Data Supplement. Peak transient outward current (I peak ) was defined as the maximal outward K + current. The amplitude of I to,f , I K,slow , and I ss were determined from exponential fits to the decay phases of the total outward K + current as previously described. 13, 14 Currents are expressed as densities (pA/pF). nonpaired t test (for comparisons involving only control versus ILK knockout group comparisons without other factors or repeated measures) or by ANOVA; data not satisfying normal distribution criteria are shown as median and 25% to 75% percentile and were analyzed by Mann-Whitney U test. For work involving multiple sample measures from the same animal (eg, multiple cell impalements, multiple cells from the same mouse available for patch-clamp work; numbers are provided in figures as n/N for cells/mice), data were analyzed using a multilevel mixed-effects model to take into account correlation between multiple levels of within mouse measurements. In this model, the mouse effect and the interaction cell×mouse effect were considered as random factors. According to the design of the experiments, fixed factors for repeated measures (eg, voltages, frequencies, and weeks) were added to the model to produce multilevel repeated measures mixed-effects models. Two-way ANOVA on log-transformed data was used to compare control versus ILK-knockout mice across time (5 and 10 weeks) for PCR parameters. Bonferroni correction was used to take into account multiple statistical tests to identify specific mean differences (P value from t test multiplied by nc=number of comparisons).
Data Analysis
Fisher exact test was used to compare differences in occurrence rates. A 2-tailed P<0.05 denoted statistically significant differences.
Results

Premature Death and DCM Phenotype in ILK-Knockout Mice
ILK-knockout mice began to die prematurely at 5 weeks, and by 18 weeks all 30 ILK mice (versus no controls) died, with a median age at death of 10 weeks ( Figure 1A ). Detailed characterization was obtained at the median time for death (10 weeks). In addition, selected experiments were repeated in 5-week-old mice, to assess the changes that preceded the onset of manifest cardiomyopathic changes. After 5 weeks, ILK-knockout mice began to exhibit signs of cardiac failure, including dyspnea, weakness, disorientation, and withdrawn behavior. However, mortality was apparently sudden, with no previous progressive deterioration. Cardiac chambers were dilated in 10-week-old ILK-knockout mice, with thinning and fibrosis of the superior septal and free wall regions of the LV, along with severe dilation and intracavitary thrombus in the left atrium ( Figure 1B ). The ventricular weight/tibia length ratio was significantly increased ( Figure 1C ; Table 1 ). The hypertrophic biomarkers atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP) were substantially increased ( Figure 1D ).
Structural and Hemodynamic Remodeling
ILK-knockout produced substantial changes in cardiac structure and function by 10 weeks (Table 1 ). Ventricular and atrial weights were increased and heart rate was significantly increased. A wide range of indices indicated LV systolic/ diastolic dysfunction, along with RV dilation and reduced global cardiac performance, in 10-week-old ILK-knockout mice (Table 1) . Interestingly, at 5 weeks there were virtually no differences from control to ILK-knockout mice in cardiac dimensions or functional indices. Figure 2A illustrates regional changes in connective tissue composition and distribution on Masson trichrome staining in 10-week-old ILK mice. Quantitative analysis indicates substantial, regionally selective LV fibrosis, with the superior LV free wall being particularly affected ( Figure 2B ). The mRNA expression of fibrosis-related genes in the LV free wall was significantly increased ( Figure 2C ), with increases in vimentin (3.3-fold) and α-smooth muscle actin (α-SMA; 2.6-fold) and a dramatic 70-fold increase in procollagen α-1 type-1. Immunostaining showed marked lateralization of connexin-43 ( Figure 2D ). Connexin-43 expression was quantified by immunoblot, which confirmed significant downregulation in ILK-knockout ( Figure 2E ).
In Vivo Electrophysiological Abnormalities
Representative ECG recordings at 10 weeks are shown in Figure 3A . QRS durations and corrected QT intervals were significantly prolonged in ILK-knockout mice, and R-R interval was decreased (Table 2A) were not significantly altered (Table 2B ), suggesting that QRS prolongation was because of slowing in intraventricular, as opposed to conduction system, impulse propagation. Sinus node and AV node function were also unaltered. Although atrial effective refractory period was unchanged, ventricular effective refractory periods were significantly greater, by ≈40%, in ILK knockout. Consistent with their lack of structural/functional remodeling, 5-week-old ILK mice showed no statistically significant changes in ECG intervals or in vivo electrophysiological parameters (Table 2) . To further assess the conduction changes suggested by the QRS interval prolongation in 10-week-old ILK-knockout mice, we used optical mapping to analyze ventricular impulse propagation. As illustrated in Figure 4 , ILK knockout appreciably slowed conduction, with statistically significant decreases in both longitudinal and transverse conduction velocity of similar magnitude (25% and 21%, respectively).
Programmed stimulation induced VTs ( Figure 3B) , with a mean duration of 626±28 ms, in 10-week-old ILK-knockout mice, but not controls. Twenty-four hour telemetry at 10 weeks of age revealed frequent ventricular premature complexes in ILK-knockout mice (1362±669/24 hours) and none in controls. No arrhythmias were seen in 5-week-old mice. Spontaneous VTs were common in ILK-knockout mice ( Figure 3C) , with an overall occurrence rate of ≈60% ( Figure 3D ) and a mean duration of 2.4±0.2 s. No spontaneous ventricular arrhythmias were seen in control mice. A substrate for VT was revealed by inducible arrhythmias in 6/7 ILK-knockout mice (85.7%), versus 0/8 controls ( Figure 3E ).
Cellular Basis for Electrophysiological Abnormalities
Representative standard floating microelectrode ventricular AP recordings are shown in Figure 5A and 5B. Control recordings showed no spontaneous arrhythmia, whereas 10-week-old ILK-knockout mouse APs showed periods of rapid firing compatible with triggered activity ( Figure 5A ). ILK knockout APs had slower early and terminal repolarization than controls ( Figure 5B ). Durations of all phases of the AP were significantly prolonged in ILK knockout mice ( Figure 5C ). Because of the profound changes observed at 10 weeks, we performed perforated patch AP recording in a series of mice at 5 weeks of age, as well as 10-week-old ILK mice and age-matched controls. Examples of such recordings are shown in Figure IIA and IIB in the Data Supplement. Single-cell APD was prolonged at both 5 and 10 weeks (Figure 5E ). For some single-cell recordings, phase 0 overlapped with the stimulus artifact and obscured the upstroke. However, this was not the case for many cells, in which phase-0 upstroke velocity (V max ) could be analyzed. In the single-cell recordings, resting membrane potential, AP amplitude and V max were significantly reduced in 10-week-old mice but not at 5 weeks (Figure IIC-IIE in the Data Supplement). These results suggest that phase-0 Na + current may be reduced in 10-week-old ILK-knockout mice. Because SCN5a mRNA expression was not altered in ILK-knockout mice ( Table I in To evaluate mechanisms underlying AP prolongation in ILK-knockout mice, we performed whole-cell voltageclamp recordings of ionic currents governing repolarization. Figure III in the Data Supplement shows original K + -and L-type Ca 2+ -(I CaL ) current recordings. Voltage-gated K + currents were reduced in ILK-knockout, with changes already present at 5 weeks ( Figure 6A ) and continuing to 10 weeks ( Figure 6B ). Kinetic analyses revealed that in addition to total (peak) current, 2 of the 3 kinetically dissociable components reported in wild-type mice 13 are downregulated by ILK knockout: I to,f and I K,slow . The sustained component I ss was not altered. qPCR confirmed significant changes in subunit expression corresponding to the ionic-current changes at 10 weeks: Kv4.2 and KChIP2, putative α and β subunits corresponding to I to,f , 13, 14 were significantly reduced, by 55% and 66%, respectively ( Figure IVA in 13 We found that Kv1.4 was expressed at low levels that were significantly upregulated by ILK knockout. Two other subunits, Kv1.2 and Kv2.1, were unaltered. Interestingly, despite the significant reductions in I to,f and I K,slow at 5 weeks, the corresponding channel subunit expression was unchanged ( Figure IVA in the Data Supplement). Changes in inward rectifier background current (I K1 ) are shown in Figure 7 : ILK knockout did not affect the current at 5 weeks ( Figure 7A ), but significantly reduced it at 10 weeks ( Figure 7B ). All the 3 subunits implicated in cardiac I K1 (Kir2.1-3) were downregulated at 10 weeks in ILK knockout but unaffected at 5 weeks ( Figure IVB in the Data Supplement). Similarly, I Ca,L was unaffected at 5 weeks ( Figure 7C ) but significantly (by ≈23%) reduced at 10 weeks in ILK knockout ( Figure 7B ). The principal corresponding α-subunit in the ventricles, Cav1.2, was downregulated at 10 weeks and unaffected at 5 weeks ( Figure IVC in the Data Supplement) . The atrial-predominant subunit Cav1.3 was expressed at low levels and upregulated in 10-week-old ILK knockout.
A B
Gene-Expression Changes
Nondirected hierarchical clustering showed discrete patterns of gene expression between 10-week-old ILK-knockout and agematched control mice ( Figure I Table I in the Data Supplement. Pathognomonic changes typical for heart failure paradigms were seen: highly significant increases in ANP and BNP, and reciprocal downregulation/upregulation of α/β-myosin heavy chain. Profibrotic fibroblast differentiation was indicated by ≈3-fold upregulation of vimentin and α-SMA, along with a 17-fold increase in procollagen-1 expression. In addition to the ion channel expression changes described above, the Ca 2+dependent K + channel subunits SK1 and SK2, the acetylcholinedependent K + channel subunits Kir3.1 and Kir3.4 and the ATP dependent K + channel subunits Kir6.1 and Kir6.2 were downregulated. Finally, the Ca 2+ -handling subunits phospholamban, SERCA2a and RyR2, were significantly downregulated.
Conventional qPCR was used to compare collagen (Col1a1), ANP and BNP mRNA expression directly in 5versus 10-week-old mice. The results ( Figure V in the Data Supplement) show statistically significant changes in the expression of all 3 genes at 10 weeks, and of BNP and collagen at 5 weeks. However, for BNP and collagen the magnitudes of increases were significantly larger at 10 weeks than at 5 weeks: for Col1a1, 221% increase at 5 versus 1448% increase at 10 weeks (group×time interaction P<0.0001); for BNP, 118% increase at 5 versus 317% increase at 10 weeks (group×time interaction P=0.010).
ILK Coimmunoprecipitation
We noted changes in voltage-dependent K + currents before any overt cardiomyopathy. We therefore examined whether ILK might interact physically with relevant cardiac ion channel subunits. Coimmunoprecipitation demonstrated selective pulldown of ILK, Kv4.1 and Kv4.2 subunits with antibodies directed to ILK ( Figure VI , and 90% repolarization (APD 25, 50, and 90, respectively). n=6/group. ***P<0.001, 1-way ANOVA followed by Bonferronicorrected t tests (nc=3 for comparisons). D, Mean±SEM APD to 90% repolarization (APD 90 ) from single-cell recordings at frequencies shown in 5-and 10-week-old mice (n/N=cells/mice). Comparison by multilevel mixed-effects model followed by Bonferroni-corrected t tests (nc=3 for comparisons). **P<0.01, ***P<0.001. Results in (A)-(C) were obtained with floating standard microelectrodes on Langendorff-perfused hearts; results in (D) were obtained by perforated patch recording.
Discussion
In this study, we investigated for the first time the arrhythmogenic cardiac phenotype produced by cardiomyocytetargeted ablation of ILK in the mouse. The arrhythmogenic substrate included both repolarization deficiency because of K + -channel dysfunction and conduction abnormalities in the presence of structural remodeling (cardiac fibrosis and connexin remodeling).
ILK-Dysfunction Cardiomyopathy
Two previous studies have described DCMs with genetic deficits in ILK, 1 in humans 9 and 1 in the same mouse model used here. 8 Phenotypic characterization has been limited: increased mortality, cardiac hypertrophy, ventricular dilation, and reduced LVEF were described in mice with targeted ILK deletion, 8 whereas reduced integrin-binding capacity and loss of endothelial cells were reported with clinical ILK mutationassociated DCM. 9 This study constitutes the first detailed phenotypic characterization of the cardiomyopathy caused by ILK deletion. A schematic representation of our findings is provided in Figure 8 . We provide detailed information about cardiac function abnormalities, structural remodeling, and in particular arrhythmic/electrophysiological disturbances. Two important sets of candidate mechanisms contributing to ILK-knockout mouse arrhythmias were identified: (1) structural remodeling, including downregulation/lateralization of Cx43 and regionally distributed tissue fibrosis and (2) electrophysiological remodeling causing APD prolongation through K + current downregulation. The high sudden death mortality rate was associated with frequent ventricular tachyarrhythmias, likely attributable to profound abnormalities in ion channel subunit expression and ion current function that caused important APD prolongation, as well as to tissue fibrosis, connexin dysregulation, and possibly Na + current downregulation that were associated with significant conduction slowing.
Functional Importance of ILK
ILK is a crucial component of a macromolecular complex, including ILK, melusin, PINCH-1, and α/β-parvin, which links the extracellular matrix to the contractile machinery at costameres. 7,15 ILK functions include both mechanosensitive properties 2 and action as a kinase. 8 Cardioprotective protein kinase B is an important target of ILK phosphorylation: the cardiomyopathy resulting from loss of ILK phosphorylation in PINCH-inactivated zebrafish is reversed by overexpression of constitutively activated protein kinase B. 16 ILK is upstream to a wide range of protein kinases involved in cell growth and cardiac hypertrophy, including protein kinase B, glycogen synthase kinase-3-β, extracellular signal-related kinase, and mammalian target of rapamycin 2 and ILK deletion causes severe cardiomyocyte apoptosis. 17 ILK is upregulated in human cardiac hypertrophy caused by left ventricular outflow obstruction, along with a wide range of hypertrophic genes. 4 ILK gene transfer improves cardiac function in post-MI and doxorubicin-induced cardiomyopathies. 5, 6 Thus, ILK is a central protein in cardiac function and adaptive responses to a range of stressors, particularly mechanical.
Are There Specific Electrophysiological Features of the Arrhythmogenic Cardiomyopathy Caused by ILK Depletion?
We observed downregulation of a wide range of ion channel subunits and currents in ILK-knockout mice. The downregulation of K + currents and corresponding subunits (Kv1.5, Kv4.2, KChIP2, and Kir2.1-2.3) probably explains the substantial APD prolongation, associated with triggered activity, that we saw at 10 weeks. One important issue is whether any of the ion channel changes we observed specifically result from ILK depletion or whether they are all secondary to the cardiomyopathic state. Ion current remodeling typical of a wide variety of heart failure paradigms includes downregulation of I to , I K1 , and I Ca,L . 18 Changes in voltage-gated K + channels occurred at 5 weeks, preceding most changes in cardiac structure or function and suggesting that these alterations are not secondary to the cardiomyopathic phenotype. The coimmunoprecipitation of Kv4.2 subunits with ILK suggests that ILK may contribute to the stabilization or membrane insertion of K + channels, a potentially interesting subject for future investigation. There is evidence that I to may contribute to electromechanical coupling, and that its dysfunction may cause contractile abnormalities, 19 so the early I to changes we observed may in fact have contributed to the development of cardiomyopathy. Interestingly, there were virtually no transcriptional changes in ion channel subunit expression at 5 weeks, in contrast to the marked changes at 10 weeks. This observation suggests that the widespread current changes at 10 weeks are secondary to cardiomyopathy, whereas the changes in specific voltage-dependent K + currents at 5 weeks may be caused by loss of direct interactions with ILK because of ILK ablation in knockout mice, as illustrated by our coimmunoprecipitation data ( Figure VI in the Data Supplement). In addition to APD prolongation, we noted connexin-43 downregulation and lateralization, extensive regionally variable fibrosis and QRS prolongation indicating ventricular conduction slowing. It is likely that the conduction changes caused by fibrosis and connexin dysfunction contributed to the vulnerability to VT induction, probably because of intracardiac reentry, that we observed. Connexin-43 downregulation and lateralization, along with increased fibrous tissue content, are typical of end-stage heart failure in man and cause significant conduction abnormalities. 20 One interesting aspect of the phenotype we noticed was the regional distribution of tissue fibrosis, which was restricted to the basal regions of the heart, where it was marked ( Figure 2B ). This basal localization of fibrosis has not, to our knowledge, been previously reported in other animal models of cardiomyopathy. However, it is characteristic of patients demonstrating monomorphic VTs associated with nonischemic cardiomyopathies. 21, 22 A similar distribution of fibrosis has recently been described with the use of late gadolinium enhancement MRI in patients with lamin A/C (LMNA) mutation cardiomyopathy. 23 This regional localization may be related to the effects of local mechanical stresses, which might have particularly important effects when part of the mechanosensor apparatus, like ILK, is deleted.
Potential Limitations
The mckCRE-lox system that we used for ILK deletion creates a myocyte-specific knockout. ILK is important for fibroblast function, and fibroblast selective ILK deletion prevents myofibroblast differentiation. 24 Our studies, therefore, apply specifically to the result of ILK deficiency in cardiomyocytes. Complete loss of ILK function in all cell types might produce a different phenotype, particularly with respect to fibrotic changes.
We recorded ECGs and performed electrophysiological studies under isoflurane anesthesia. Isoflurane has potential electrophysiological actions and could have affected the results obtained. This limitation does not apply to the in vitro data, such as the AP and ionic current recording results. We used Bazett formula to correct QT intervals for heart rate changes, as previously reported. 12 This formula may not provide optimal correction, which may explain our ability to identify statistically significant in vivo QT/QTc changes in 5-week-old ILK mice, despite statistically significant APD increases (albeit less than at 10 weeks). Care must be taken in extrapolating results from animal models to man. Although mouse models are recognized to be of value in studying the molecular basis of clinical arrhythmia syndromes, some of their ion current systems may differ substantially from what is seen in humans. 25 We did not observe in vivo arrhythmias or mortality in 5-week-old ILK-knockout mice and no early afterdepolarizations were noted during single-cell AP recording. However, we did not perform recordings on multicellular preparations from 5-weekold ILK-knockout mice and, therefore, cannot completely exclude early afterdepolarization susceptibility at 5 weeks.
